Although infective Newcastle disease virus (NDV) did not produce interferon in chick cells, brief heat treatment converted it to an inducer. Experiments in which mixtures of heated and unheated virus were used to induce interferon showed that a substance was produced in infected cells that inhibited interferon formation. Heat treatment of NDV caused the same rate of loss of infectivity and of virus particle RNA polymerase activity, and it was concluded that polymerase activity was essential for virus infectivity. It was also shown that some polymerase activity still existed in heat-inactivated virus able to induce interferon. Appropriate inactivation of the virus by u.v. irradiation or by treatment with fl-propiolactone or at pH 2"5, also made the virus into an inducer of interferon, and in each case some virus polymerase activity was present in the inactivated particles. Both u.v. irradiation and fl-propiolactone inactivated infectivity more rapidly than polymerase activity, while pH 2"5 treatment had the reverse effect.
INTRODUCTION
The induction of interferon in cells infected with Newcastle disease virus (NDV) is a complex process. Infective virus does not stimulate interferon production in chick cells (Burke & Isaacs, 1958; Ho & Breinig, I965) , but it is a good inducer in mouse L cells (Wagner, 1964; Youngner et al. I966) . However, treatment of the virus with u.v. light, pH 2"5 buffer or heat at 56 °C makes it capable of producing interferon in chick cells (Ho & Breinig, 1965; Youngner et al. 1966; Kohno & Kohase, 2969; Kohno, Kohase & Shimizu, I969) , while treatment of chick cells with interferon before infective virus also results in interferon formation (Lomniczi & Burke, I97I ; Stewart, Gosser & Lockhart, I97I) . These results have suggested that infective virus has the intrinsic capacity to induce interferon, but that interferon production is blocked by a product of virus replication (Colby, I97I; Lomniczi & Burke, 1972; Clavell & Bratt, I97I; Meager & Burke, I972) . It was further suggested that this inhibitor was not produced, or produced in reduced amount, when chick cells were infected with virus which had been treated with u.v. light (Clavell & Bratt, I97I) , and that its production was depressed or delayed in mouse L cells and in chick cells pretreated with interferon. Failure to produce this inhibitor in sufficient amount allows interferon production to proceed. Prolonged exposure of the virus to u.v. light or heat yielded virus which failed to produce interferon (Burke & Isaacs, I958; Ho & Breinig, I965; Youngner et al. I966) , presumably because of the loss of ability to initiate the series of events leading to production. This hypothesis states that NDV has the inherent capacity to cause interferon induction, but that interferon production is inhibited by a product of virus replication, while in the case of completely inactivated virus the capacity to induce interferon is lost. The nature of the process that prevents interferon formation by infective virus has not been identified. Gandhi & Burke (I97o) suggested that the general depression of host cell RNA and protein synthesis which follows virus infection was responsible, but further study by Thacore & Youngner (I97O) using mouse L cells and Lomniczi & Burke (I970 using chick cells made this suggestion untenable. Thacore & Youngner (I97O) found that interferon was produced in L cells treated with NDV despite a profound inhibitory effect on the rate of cellular protein synthesis, which Lomniczi & Burke 0970 showed that avirulent strains of NDV, which had no inhibitory effect on the rate of host cell protein synthesis, nevertheless failed to induce interferon. The aim of this work was to study interferon production in both chick and L cells following infection with NDV which had been inactivated in various ways in an attempt to define further the control of interferon formation.
METHODS

Materials.
Triton Nx oi,/Lpropiolactone, ATP, CTP, GTP and UTP were obtained from Sigma Chemical Company Ltd. [8-3H]-GTP (8-0 Ci/m-mol) and [a2p] (orthophosphate in dilute hydrochloric acid pH 2 to 3 at 50 to Ioo Ci/mgP) were supplied by the Radiochemical Centre, Amersham, Buckinghamshire. Radioactive [3H]-GTP was diluted 4 times with non-radioactive GTP at the same molar concentration before use. Medium 199 and Eagles minimal essential medium were obtained from Wellcome Reagents, Ltd., and calf serum from Bio-cult Laboratories, Glasgow, Scotland.
Viruses. The HERTS 33, TEXAS, L, H and F strains of NDV were grown as described previously (Lomniczi, I97o; Lomniczi, Meager & Burke, I97I) . NDV strain TEXAS was labelled with [~P] by the method of Barry & Bukrinskaya 0968). Semliki Forest virus was grown in chick embryo cell suspension as described by Kennedy & Burke (I972) . All viruses were plaque purified before preparation of stocks.
Media and cells. Chick embryo cells were prepared from I I-day-old embryos as described by Walters, Burke & Skehel (I967) , using Medium I99 plus 7 % calf serum for cell growth and Medium I99 plus 2% calf serum for cell maintenance. Mouse L cells were grown in Eagles minimal essential medium plus 5 o/0 calf serum.
Purification of NDV. Clarified infected allantoic fluid (26 ml) was layered onto a discontinuous sucrose gradient consisting of 5I % w/v sucrose (5 ml) and 3o% w/v sucrose (5 ml), both in TNE buffer (5o mM-tris, I46 mM-NaC1, I mM-EDTA, pH 7"6 at 2o °C). After centrifuging for 2"5 h at 780ooo g~v the supernatant fluid was discarded and the pellet resuspended in a small volume of TNE buffer by gentle treatment in a Dawe Sonicleaner Model 644IA (Dawe Inst. Ltd., Western Avenue, London, W.3) for 3o s followed by brief Dounce homogenization. The suspension was layered on to a 15 to 60 % w/v linear sodium potassium tartrate gradient buffered to pH 7"6 with TNE and the virus centrifuged to equilibrium (I4 to I8 h at 72ooo g~0. The virus band was diluted about 8 x and recentrifuged through the discontinuous gradient described above. The pellet was resuspended as before in a small volume of either TNE buffer or TN buffer (IO mM-tris, 3o mM-NaC1, pH 7"3 at 32 °C). Glycerol (to 2o%) was added if the virus was to be stored frozen at -7o °C, otherwise the concentrated virus was kept at 4 °C. Heat inactivation of NDV. Purified virus suspension (o. 5 ml) was dispensed into thinwalled glass vials at 4 °C and then placed directly into a water bath at 56 _+ I °C and agitated during incubation. Care was taken to ensure that all virus samples were completely immersed. At 2 rain intervals samples were removed and cooled in ice.
pH inactivation of ND V. Concentrated virus suspension (o'o5 ml) was diluted with 3 ml of o. ~ M-glycine-HC1 buffer, pH 2"5, at 4 °C. After the appropriate interval, 3 ml of ice-cold I M-phosphate buffer, pH 7"2, was added to give a final pH of 7"o. The virus was collected by centrifuging for 2"5 h at 78ooogav through a I5% w/v sucrose cushion (buffered to pH 7"6 with TNE).
fl-propiolactone inactivation ofND V. The method of inactivation was a modification of that described for Sendai virus by Neff & Enders (I968) . A 1o% (v/v) solution of fl-propiolactone in distilled water was prepared immediately before use. The Io% solution was then diluted as rapidly as possible to the required percentage in a saline bicarbonate solution (I-68 g of NaHCO~ in too ml isotonic NaC1), to form a series of dilutions from o.oo5 to o'3oo% (v/v) fl-propiolactone. The dilute fl-propiolactone solutions were added in the proportion of I part to 9 parts of concentrated NDV. All materials used were pre-cooled in ice water prior to use. After addition of fl-propiolactone to the concentrated NDV the preparation was shaken for Io rain at 4 °C to mix, and then kept at 37 °C for 2 h to allow the reaction to go to completion. (fl-propiolactone is rapidly hydrolysed to fl-hydroxypropionic acid under these conditions.) The preparation was maintained at 4 °C overnight.
C.p.e. assay. This was carried out as described by Finter (I969).
Interferon production and assay. Interferon was produced by infection of cells (i.5 × Io7 chick cells; i .2 × io 7 L cells/Petri dish) with o'5 ml of virus (input multiplicity Io p.f.u. [cell) for : h at 37 °C. After washing, 3 ml of maintenance medium were added and cultures were incubated at 37 °C for 2I h before collecting the extracellular fluid. Residual virus was inactivated by heating at 6o °C for I h and samples stored at -2o °C until assayed. Chick interferon was assayed by a plaque reduction method using Semliki Forest virus to challenge. All chick interferon titres are expressed in reference units in comparison witb the Research Standard A (62[4). Mouse interferon was assayed by the neutral red dye uptake method (Finter, I969) using Semliki Forest virus to challenge.
NDV RNA-dependent RNA polymerase assay. The assay method used was a slight modification of that described by Huang, Baltimore & Bratt (:97I). All polymerase assays were carried out in thin walled glass vials (vol. 2 ml) and the standard reaction mixture contained per 230 #1: IO #-tool of tris, pH 7"3 at 32 °C; 0.8 #-mol of magnesium acetate; o-6 #-mol of sodium dithiothreitol; 2o/z-mol of NaC1; o.~4#-mol each of ATP, UTP and CTP; o.oo2 #-tool of [3H]-GTP (I,34o ct/min]p-mol); i6o/zg of Triton N-Ioi; and 5o to 2oo/~g of virus protein in TN buffer, pH 7"3 at 32 °C. In particular experiments the constituents were varied as indicated. The reaction mixture was incubated at 32 °C for 2 h, and terminated by cooling to 4 °C in ice, adding o'4 ml of o-o8 M-sodium pyrophosphate, 2oo to 5oo/~g bovine serum albumin and o.6 ml of 25 % (w/v) trichloroacetic acid (TCA). After precipitation for I h at 4 °C, the vial contents were transferred to I5 ml polypropylene centrifuge tubes. About 8 ml of Io% (w/v) TCA containing o.o 4 M-sodium pyrophosphate was added and acid-precipitable material spun down by centrifuging at 6ooo rev/min for :5 min at 4 °C. The supernatant fluid was discarded and the pellet washed three times with 2 ml of TNE buffer plus 8 ml of Io % TCA by centrifuging. Finally, the pellet was resuspended in o.2 ml of TNE buffer, and Io ml of toluene-Triton X-Ioo 
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Time at 56°C (rain) scintillation fluid was added. After thorough mixing each sample was assayed for acidprecipitable [3H]-GMP using a Packard liquid scintillation spectrometer, series 3ooo. An incubated sample without virus particles contained less than 5o ct/min using the above procedure.
Extraction of RNA from [a2P]-labelled ND V virus.
[s~P]-NDV RNA was extracted by the method of Bratt & Robinson (I967), and fractionated on 2-2% polyacrylamide gels as described by Loening (I967).
RESULTS
The production of interferon by heat inactivated virus
NDV (strain XEXAS) was heated for different times at 56 °C, its infectivity was determined, and the virus was used to induce interferon formation in chick and mouse L cells. The results (Fig. ~ a) showed that interferon production reached a maximum after 8 min heatinactivation of the virus in the case of chick cells, and after 2 min heat-inactivation in the case of mouse L cells. Infectivity of the virus, measured in chick cells, decreased exponentially with time of heating, and was substantially reduced after 12 rain heat inactivation (Fig.  I a) . Titration of virus yields produced in chick cells at z~ h after infection showed that these were decreased in proportion to the duration of heating (Fig. I b) . The c.p.e, in chick cells produced by heated virus was unaffected by up to 6 min heating, but declined to about 5o% with IZ min heating (Fig. I b) . Variation of the multiplicity of infection had little effect on the yields of interferon or infectious virus. Heat treatment of the virus did not alter the adsorption of NDV to chick cells or its elution properties from chick erythrocytes. However, heat treatment did produce some delay in the production of infectious virus (Fig. 2) . Production of interferon in chick cells by heat inactivated NDV began about Io h after infection and ceased about 2I h after infection (Fig. 2) .
There are two possible explanations for the increased production of interferon by partially inactivated virus. The first is that infective virus is intrinsically unable to induce interferon formation, but that heating leads to the formation of a virus particle capable of inducing interferon. The second is that infective virus is intrinsically capable of inducing interferon formation, but does not do so because a product of virus infection inhibits induction or synthesis of interferon, and this virus product is dependent on a heat-labile function of the particle. If the first explanation were correct, a mixture of unheated and heat inactivated virus should produce interferon as if it contained only heat inactivated virus. If the second explanation were correct then the infective virus should inhibit interferon formation by the inactivated virus, and the mixture would behave as if it contained only infective virus.
Interferon production in chick cells infected with mixtures of infective and heat inactivated virus
Chick cells were infected with mixtures of infective and heat inactivated virus (56 °C for 6 min) in differing proportions at a total input multiplicity of re p.f.u./cell (measured before * These reagents were added after incubation at 32 °C for z h and in both cases incubation was continued for a further 15 min at 32 °C before precipitation with TCA.
heat inactivation). The results showed that, at all the proportions tested, interferon production was inhibited (Fig. 3 a) whilst production of infectious virus was unaffected (Fig. 3 b) . In a second experiment, virus which had been inactivated for 6 rain at 56 °C was mixed with an equal amount of virus heated at 56 °C for o, 2, 4, 6, 8, Io or r2 rain. When interferon yields were measured, it was found that addition of virus inactivated for o, 2 or 4 min inhibited the production of interferon, but that virus heated for longer periods did not inhibit production (Fig. 3 c) . Addition of virus heated for the various times had little effect on yields of infectious virus (Fig. 3 d) . It was concluded that infective NDV had the inherent capacity to induce interferon formation, but that this capacity was inhibited by a heatlabile function of the virus particle. The virus RNA polymerase was one such possible function and the effect of heat on its activity was therefore measured.
Effect of heat on NDV RNA-dependent RNA polymerase Polymerase characteristics
The characteristics of the RNA polymerase assay are shown in Table I (Fig. 4a) . Incorporation of [~H]-GMP into acid precipitable material continued for up to 4 h at 32 °C (Fig. 4b ) and the products of the polymerase reaction, extracted with SDS and phenol after 4 h incubation, showed similar sedimentation characteristics and ribonuclease resistance (A. Meager, unpublished results) to that of the Sendai virus particle polymerase products (Stone et al. I97 0 isolated after 5 h incubation.
Effect of heat on polymerase activity
Purified TEXAS strain virus (50 #1 containing 90 #g virus protein) was heated at 56 °C in thin walled glass vials for various times before cooling to o °C. The remainder of the components for the polymerase assay were then added, and incorporation initiated by placing the mixture in a water bath at 32 °C. Virus incubated at o °C throughout was used as control. Other samples of purified virus were heated in parallel for various times at 56 °C before determination of infectivity and interferon production. The results (Fig. 5a ) showed that both infectivity in chick cells and polymerase activity were destroyed at almost the same rate with first order kinetics suggesting that polymerase activity was essential for infectivity; and that interferon was not produced until polymerase activity had fallen to low but measurable levels. Further loss of polymerase activity led to loss of interferon inducing activity. Similar results were obtained with the H strain (Fig. 5 b) . --All NDV strains were grown in embryonated eggs for 38 h and the allantoic fluid harvested after chilling the eggs for 4 h at 4 °C. After simultaneous purification, the RNA polymerase activities of the concentrated virus suspensions were determined as described in the Methods, For each strain the radioactive value of virus incubated at 4 °C in the reaction mixture was subtracted from the radioactive value of virus incubated at 32 °C.
* The r strain is a non-plaque forming strain.
Comparison of the effect of heat on different strains of ND V
Lomniczi & Burke (1971) have reported that the n strain of NDV produced interferon in chick cells, before inactivation, and that interferon production increased after ultraviolet irradiation of the virus. Measurement of the polymerase activity of five NDV strains showed that the n strain had the lowest activity of those tested (Table 2) . Heat-inactivation at 56 °C increased the interferon yields and decreased the polymerase activity (Fig. 5 b) , but in this case maximum interferon yields were reached after shorter periods of heat treatment than in the case of the TEXAS strain. Thus it appeared that there might be a correlation between interferon formation and low levels of virus polymerase activity. This was further investigated by use of other methods of virus inactivation.
Effect of pH 2"5 buffer on NDV infectivity, interferon inducing ability, and RNA polymerase activity
A previous report by Kohno et al. (1969) showed that treatment of NDV with acid pH buffers converted the virus to an interferon inducer with little effect on infectivity. These observations were confirmed and Fig. 6 shows the interferon inducing capacity of NDV strain TEXAS treated for various times with pH z'5 buffer. Maximum interferon production in chick cells occurred with virus treated for 2 min at pH 2"5, and then declined with virus treated for longer times. This was in Contrast with the result of Kohno et al. (1969) who found no reduction in interferon production with virus treated at pH 2"5 for as long as I h. This was possibly due to a strain difference. The infectivity of the virus was little affected by treatment with pH 2"5 buffer, although there was progressive destruction of virus RNA polymerase activity with increasing times of treatment (Fig. 6) . Treatment of the virus with pH 2"5 buffer had no effect on its ability to produce infectious virus, although, as with heat treatment, there was some delay in its production. Since acid-treated virus was a relatively poor inducer, an attempt was made to increase its inducing ability by heat treatment. A preliminary investigation showed that virus which had been acid treated and then heated for various times at 56 °C gave infectivity, interferon production and virus RNA polymerase activity profiles similar to virus which had only been heat treated (see Fig. 5 a) , suggesting the effects of pH and heat were summative (E. T. Sheaff, unpublished results). Interferon production by inactivated ND V 
Effect of fl-propiolactone on ND V infectivity, interferon inducing capacity and
virus RNA polymerase fl-propiolactone (BPL) has long been used as a virucide (Mangun et aL I95~ ; LoGrippo, I96o) , and in the preparation of vaccines. Its site of action is almost certainly on the virus RNA molecule (Prinzie, Schonne & De Somer, I96o) . The effect of BPL inactivation of NDV on interferon production was investigated as a result of a suggestion of B. Lomniczi. It was found that by using very low concentrations of BPL, an infectivity inactivation curve could be set up (Fig. 7a) , and that virus inactivated in this manner was capable of inducing interferon over a narrow range of BPL concentrations (between o.oo8 and o.o2o %). The relationship between infectivity and interferon production was similar to that found with u.v. irradiated virus (Meager & Burke, I972) . In both cases the maximum interferon production occurred at the point where infectivity was zero. We next investigated the effect of BPL on virus RNA polymerase. As expected, increasing concentrations of BPL led to an increasing loss of virus particle polymerase activity (Fig. 7a) , and again the inactivation curve was similar to that produced by the action of u.v. on NDV (Meager & Burke, I972) . Because of similarities between BPL and u.v. inactivation of NDV, it was most probable that BPL acted by modifying the bases of the template 50 S RNA (Roberts & Warwick, I963) leading to inhibition of transcription by the virus RNA polymerase. Since no mRNA would then be formed, virus protein synthesis would be abolished and infectivity lost. The presence of fl-hydroxypropionic acid, the hydrolysis product of BPL, at a concentration of o'o3 % had no effect on virus polymerase activity. Treatment of NDV with increasing concentrations of BPL beyond o.o 16 % led to a rapid decline in interferon-inducing capacity (Fig. 7a) , similar to the effect observed with u.v. irradiation (Fig. 7b) . There were two possible explanations for this. The first was that BPL in concentrations greater than o-oi6 % caused breakdown of template RNA (of. the effect of u.v. irradiation, Meager & Burke, ~972; Clavell & Bratt, I970 , and the second was that BPL was causing extensive chemical modification of the virus RNA. 
Effect of heat and BPL on NDV virus particle RNA
Extraction of [z2P]-RNA from NDV TEXAS virus particles treated for 12 min at 56 °C or with o-o25% BPL (i.e. at a concentration at which interferon-inducing capacity was abolished, Fig. 7 a) and fractionation on 2-2 % polyacrylamide gels showed it to migrate as a single high mol. wt. RNA species (Fig. 8a and b Interferon production by inactivated ND V
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DISCUSSION
The results presented in this paper show that NDV is intrinsically capable of inducing interferon in both chick and mouse L cells, and that failure to produce interferon by infective viruses may be due to one of two reasons, production of an inhibitor of interferon formation or absence of an interferon inducer.
Two types of experimental approach indicated the role played by the inhibitor of interferon formation. It was found that induction of interferon by heat inactivated virus was prevented by addition of a small amount of infective virus but not by addition of virus which had been heated for longer periods. Since heat-inactivation had no effect on the adsorption of virus to cells, or on its neuraminidase activity, it is unlikely that the inhibitory effect of live virus on interferon formation is due to an effect at the cell surface. More light was cast on the nature of this inhibition of the interferon response by use of virus which had been inactivated in various ways. Both u.v. irradiation and fl-propiolactone treatment probably affect virus infectivity by reaction with the virus nucleic acid. After treatment with these reagents, infectivity is lost, probably because transcription of the RNA is inhibited and although some RNA synthesis occurred, complete strands of messenger RNA are not produced. These conditions (transcription without subsequent translation) seem particularly favourable to interferon formation, and argue that a virus translational product(s) acts as the inhibitor of interferon formation. How and where this inhibitor acts is not known. The inhibition of host cell protein synthesis (cut-off) which depends on virus protein synthesis, is not however, the explanation of the inhibition of interferon formation since avirulent strains of NDV do not cut-off but still do not produce interferon. We suggest that the inhibition of interferon formation and the cut-off phenomenon are two separate consequences of virus replication.
The demonstration that infectivity and RNA po]ymerase are destroyed at the same rate by heat indicates that the effect of heat is on the RNA polymerase protein complex rather than on the virus RNA (contrast the effects of u.v. and BPL) and that the enzyme is essential for infectivity. We suggest that heat destroys the capacity to produce the inhibitor of interferon formation faster than it destroys the capacity to produce interferon. Since virus which has no polymerase activity has also lost its capacity to produce interferon, we suggest that interferon induction requires limited polymerase activity, while both infectivity and production of the interferon inhibitor requires complete transcription of virus RNA. The results obtained with virus treated at pH 2-5 are difficult to explain since virus has lost little infectivity and can presumably still synthesise the interferon inhibitor. However, interferon yields are low and we suggest that the loss of RNA polymerase activity is responsible for the loss of infectivity and leads to decreased rate of interferon inhibitor production, thus allowing limited interferon formation.
The nature of the inhibitor of interferon production is not known, but since complete transcription appears to be required (the inhibitor is never produced in the absence of infectivity), we suggest that it is a product of translation, i.e. a protein.
The actual inducer of interferon has not been identified with certainty. However, it has been shown that the virus RNA polymerase produces a mixture of single and doublestranded RNA in vitro, and that even after u.v.-inactivation limited RNA synthesis is possible in vitro and probably in vivo (Clavell & Bratt, ~97I ; Huang et al. 197I) . Therefore, it may well be that the inducer is also a result of virus RNA polymerase activity, either as template RNA plus some region of newly synthesized RNA coupled in a double-stranded structure, or through limited RNA synthesis coupled with the association of a host cell factor (Huang & Baltimore, 1971) . The possibility that undegraded template 50 S RNA is itself the interferon inducer has been disproved with the demonstration that BPL inactivated virus which has lost interferon inducing capacity contains undegraded virus RNA.
